Introduction
The receptor specific for the IgA Fc region (FcαRI or CD89) is expressed on blood myeloid cells, including monocyte/macrophages, dendritic cells, Kupffer cells, neutrophils and eosinophils 1 . It transmits IgA-mediated effector functions via an IgA-binding module (K a ≈10 6 M -1 ) that can be expressed with or without physical association with the disulfide-linked signaling adaptor FcRγ 2, 3 . The FcRγ-associated receptor has signaling functions that involve an immunoreceptor tyrosine-based activation (ITAM) motif, consisting of a conserved sequence that is present in the cytoplasmic domain of FcRγ and is shared by different signaling subunits associated with receptors such as TCR and BCR and other FcRs. Although the ITAM motif was initially reported to mediate activating responses, recent data suggest that, in certain conditions, this motif can also trigger inhibitory responses mediated by a variety of receptors [4] [5] [6] . The latter include FcαRI, a dual-function receptor that can mediate both activating and inhibitory responses depending on the type of interaction with its ligand.
Sustained multimeric aggregation mediates activation of target cell functions, such as superoxide production, cytokine release and antigen presentation [7] [8] [9] . Monomeric targeting with IgA or with a variety of anti-FcαRI (A77, A59 or A62, but not A3) Fab fragments triggers an inhibitory response to heterologous immunoreceptors such as FcεRI and FcγR 5 .
Like the activating functions, the inhibitory cross-talk is dependent on the FcRγ ITAM.
However, in contrast to receptors bearing an ITIM (immunoreceptor tyrosine-based inhibitory motif), such as FcRγIIB 10 , the inhibitory signal does not require co-aggregation. Monomeric targeting of FcαRI also has powerful anti-inflammatory activity in vivo, as administration of anti-FcαRI Fab suppresses manifestations of allergic asthma in FcαRI transgenic mice 5 .
Activation of certain FcRs also promotes cell death. Thus, FcγRIIB expressed on B cells not only terminates the activation signals of co-engaged receptors, via an ITIM-dependent mechanism, but, in case of isolated aggregation, is also able to trigger an apoptotic response 11 . The latter involves ITIM and Src homology 2 domain-containing inositide phosphatase (SHIP)-independent and c-abl-family kinase-dependent pathways [12] [13] [14] . Recruitment of the Src homology 2 domain-containing phosphatase (SHP)-1 to the B and T cell antigen receptors (BCR and TCR) was also shown to negatively correlate with the induction of apoptosis 12, 15 .
Indeed, SHP-1-deficient mice are unusually susceptible to clonal deletion of their B and T cell compartment [15] [16] [17] . Although the precise mechanisms whereby SHP-1 negatively regulates apoptosis remains unknown, a possible hypothesis is that SHP-1 raises the threshold required
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Incubation of neutrophils with immobilized IgA or secretory IgA also induces apopotosis 18 .
This likely involves FcαRI, the only IgA receptor so far detected on neutrophils. Previous reports also suggest that ITAM motifs are essential for transmitting growth-arrest and apoptotic signals, and these functions of ITAM are positively regulated by tyrosine phosphorylation 19 and goat anti-human IgA (Southern Biotech Associates) were also used.
Cell culture and stimulation. Mononuclear cells (MNC) were isolated from whole blood by
Ficoll-Hypaque (Pharmacia, Piscataway, NJ) gradient centrifugation. Enriched monocyte populations (60-80% pure) were obtained by subjecting MNC to plastic adherence as described in 24 and were cultured in either 24-or 6-well plates at a density of 2 x 10 6 cells/ml of RPMI-Glutamax medium supplemented with 10% fetal calf serum (FCS) and penicillinstreptomycin (Invitrogen) before use. RBL-2H3 cells expressing wild-type human FcαRI, mutant FcαRI R209L , chimeric FcαRI R209L /γ or chimeric FcαRI R209L /γ mutated in the FcRγITAM (Y268/Y278F) were maintained in DMEM medium supplemented with 10% fetal calf serum, 2 mM glutamine and 1 mg/ml G418 (Invitrogen) as described 5 . Cells were trypsinized, centrifuged and resuspended in fresh media in 24-well plates at a density of 10 6 /ml for 24 h before use. Mouse peritoneal macrophages were obtained following thioglycollate broth (4 days) before cell harvest as described 25 . The cells were then either plated on glass coverslips or kept in suspension in polypropylene tubes on ice. Purity was >98%, as determined by CD11b staining.
Measurement of apoptosis by Annexin V and PI staining
Apoptotic cells were identified by staining with Annexin V and propidium iodide (PI) 26 .
Briefly, cells (10 6 ) were treated with apoptosis-inducing agents for the times indicated, then
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From 6 washed and suspended in a binding solution (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) containing Annexin V-biotin, at the dilutions recommended by the manufacturer (Beckman Coulter). After 30 min the cells were washed and streptavidin-APC (5 µg/ml) and PI (1 µg/ml) were added for 10 min before washing and analysis with a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry System, San Jose, CA).
At least 10 000 cells were analyzed per sample. Early apoptosis and late apoptosis, respectively, were determined as the percentages of Ann V+/PI-and Ann V+/PI+ cells.
Measurement of apoptosis by counting apoptotic nuclei with hypoploid DNA
The proportion of cells with hypoploid DNA was measured by using a modification of Nicoletti's method 27 . Briefly, cells (10 6 ) were incubated at 37 °C with anti-FcαRI (A77) Fab 
Counting of apoptotic cells by DAPI staining
DAPI staining was performed as previously described 28 . Briefly, cells were incubated at Fluorescent cells were counted with a Nikon TE2000-U microscope coupled to a DXM1200F camera, using a 1x auxiliary lens and a direct 1x C-mount. Objective magnifications are indicated. mM NaF, 50 mM NaCl, 1 mM Na 3 VO 4 , 30 mM Na 4 P 2 O 7 , 50 U/ml aprotinin, 10 µg/ml leupeptin), then post-nuclear supernatants were prepared. Proteins were resolved by SDS-PAGE and transferred to PVDF membranes. After blocking in 4% BSA, membranes were incubated with anti-caspase mAb for 1 h at room temperature, followed by goat anti-mouse Ig coupled to HRP. After decapping, membranes were reprobed with anti-scramblase antibody followed by goat anti-mouse Ig-HRP. Filters were developed by enhanced
Measurement
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Results

Monomeric targeting of FcαRI with anti-FcαRI Fab in human monocytes and FcαRI-transfectants induces apoptosis
As monomeric targeting of FcαRI transmits inhibitory signals 5 we examined whether, like To study FcαRI-mediated apoptosis, we took advantage of previously established rat RBL mast cell transfectants expressing wild-type (WT) human FcαRI that are able to associate with endogenous rat showed that double-positive (Annexin V/PI) cells could be detected as early as 3 h, and that their numbers were maximal after 24 h (Fig. 1C, left panel) . When Annexin V single staining was used to detect early signs of apoptosis, a positive population was seen after only 1 h (not shown). Dose-response studies at 24 h revealed that apoptosis was induced at Fab concentrations as low as 0.01 µg/ml and was maximum between 5 and 10 µg/ml (Fig. 1C, right panel). Apoptosis was also confirmed by determining the appearance of cells with hypoploid nuclei. An increased proportion was seen in A77-treated cells both in blood monocytes and FcαRI + transfectants as compared to 320 Fab-treated cells (Fig. 1D) .
Similarly, A77 Fab-treated cells show an increased proportion of cells with highly condensed nuclei as revealed by staining with DAPI and with a highly vacuolated phenotype (Fig. 1E) . This was confirmed by counting hypoploid apoptotic nuclei (Fig. 2B right panel) . The role of 
Apoptosis was not induced in non transfected cells (not shown).
Induction of apoptosis requires the FcRγ ITAM
Apoptosis signaling by FcαRI differs from inhibitory signaling
Previous studies have shown that Fab fragments A59, A62 and A77 derived from anti-FcαRI mAbs can induce inhibitory signaling, while fragment A3 cannot 5 . We therefore examined the capacity of these fragments to trigger an apoptotic response. As shown in Fig. 3A , the apoptotic response was induced by all four Fabs, including A3. We also tested the effect of the physiological ligand, IgA. As shown in Fig. 3B (left panel), like for control IgG, no apoptosis was observed after incubation with monomeric IgA, even at high concentrations, thus contrasting with data that have shown powerful anti-inflammatory properties of IgA 5, 32 .
However, incubation with IgA at low serum concentrations (0.5%) resulted in an apoptotic response in transfectants and monocytes, contrary to IgG (Fig. 3B, right panel) , indicating that
IgA requires additional signals to induce apoptosis. As shown in Fig. 3C , susceptibility to apoptosis induction by IgA began at a serum concentration of 1% and was maximal in the
complete absence of serum. The required IgA concentrations were relatively high, with a maximal effect at about 100 µg/ml. In the absence of serum, incubation with A77 induced a much higher level of apoptosis (Fig. 3D) .
We then examined whether multimeric crosslinking could also induce death-activating In contrast, A77 Fab had no effect on Dioc6 staining, which reveals changes in mitochondrial membrane potential. Control experiments using CCCP, an inducer of the mitochondrial apoptosis pathway, markedly modified the mitochondrial membrane potential (Fig.5 B) . To directly evaluate the caspase activation status, we measured the cleavage of the proform of caspase 3. As shown in Fig. 5C , monomeric targeting of chimeric FcαRI R209L /γ transfectants and monocytes with A77 Fab rapidly led to the appearance of the 17-kDa cleaved (active) form of caspase 3. This was also confirmed by intra-cellular immunostaining using anticleaved caspase 3 Ab analyzed by flow cytometry (not shown). The appearance of cleaved caspase 3 suggested that apoptosis was directly induced by FcαRI signaling. As the inhibitory function of FcαRI depends on SHP-1 recruitment 5 , we examined whether the FcαRI-For personal use only. on November 12, 2017. by guest www.bloodjournal.org From mediated apoptotic signal was also dependent on this phosphatase by using an siRNA approach to knock down the expression of SHP-1. As shown in Fig. 5D (left panel), transfection with SHP-1-specific siRNAs strongly reduced (>60%) the expression of SHP-1 in chimeric FcαRI R209L /γ transfectants. In the corresponding experiment to determine apoptosis, no differences in the background levels (in the presence of 320 Fab) were found between cells transfected with a scrambled siRNA control or with the SHP-1-targeting siRNA (Fig.5 D, right panel) . By contrast, after treatment with A77, the apoptotic effect in chimeric FcαRI R209L /γ transfectants was increased in cells that had been targeted with SHP-1 siRNA as compared to those treated with scrambled siRNA (Fig. 5D, right panel) . In four independent experiments in which SHP-1 levels fell by more than 60%, the increase in A77-induced apoptosis in SHP-1 siRNA-transfected cells was 1.53 + 0.12-fold (mean + SD; p < 0.05) as compared to cells transfected with scrambled siRNA. These observations suggested that high levels of SHP-1 inhibited the FcαRI-mediated apoptotic signal. 
Monomeric targeting of FcαRI with anti-FcαRI Fab induces apoptosis in human monocytic cell lines
Anti-tumoral effect of anti-FcαRI Fab treatment of nude mice
The tumoricidal activity of A77 Fab was tested in nude mice injected subcutaneously with chimeric FcαRI RBL transfectants. We used two different protocols to measure the effect of to PBS-and 320 Fab-treated mice, and the mice survived significantly longer than controls (Fig. 7C) . In the second protocol (treatment model), A77 Fab administration was started on day 10, once the subcutaneous tumors had already developed. Tumor development was immediately halted, whereas it continued in mice treated with PBS or 320 Fab (Fig. 7B) .
Again the A77 Fab-treated mice survived significantly longer than controls (Fig. 7D) . To confirm that the anti-tumoral effect was due to apoptosis, we applied the TUNEL method to tumor tissue sections from each group. The number of positive cells was far higher in A77 Fab-treated animals than in controls (Fig. 7E) . . It is generally agreed that strong engagement promotes negative selection through apoptosis, while engagement with lower-affinity ligands leads to clonal expansion. Both responses crucially depend on phosphorylation of ITAM tyrosines 19, 38, 39 , but qualitative differences may occur among the different ITAMs of the associated subunits [40] [41] [42] .
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Our data on FcαRI also point to a crucial role of the FcRγ ITAM in cell activation, inhibition and apoptosis. However, what determines the different signals and outcomes is unclear. Our previous studies of inhibitory function suggested that weak phosphorylation of the FcRγ ITAM after monomeric targeting led to preferential recruitment of SHP-1 phosphatase rather than Syk, which recruited to a heavily phosphorylated ITAM following sustained multimeric aggregation 5 . Our present data suggest that monomeric targeting provides also a strong apoptotic signal. However, multimeric signals also induced apoptosis (albeit at somewhat lower levels), suggesting a complex relationship and the need for specific additional signals. This is supported by our data showing that the natural ligand, IgA, induces apoptosis only in medium containing little or no serum. This putative requirement for additional signals may be overcome in very strong conditions of FcαRI aggregation, as recently reported for human neutrophils 18 . Independently of these considerations, our data suggest that FcαRI signaling activates an intrinsic caspase-dependent pathway, as apoptosis induction by FcαRI was essentially blocked by the pan-caspase inhibitor zVADfmk. One of the downstream targets is caspase 3, the proform of which is rapidly cleaved into the active form in RBL cell transfectants, blood monocytes and monocytic cell lines.
Our previous studies on the inhibitory function of IgA suggested that the ITAM-dependent anti-inflammatory action critically involves SHP-1, similarly to ITIM-mediated inhibition 5 .
Interestingly, SHP-1-mediated inhibitory signals block apoptosis of B and T cells 12, 15 , while SHIP recruitment attenuates a proapoptotic signal initiated by FcγRIIB Taken together, our data show that FcαRI is a new apoptotic module which, in addition to its anti-inflammatory, inhibitory signaling activity, may be important for controlling tumor growth. FcαR is thus a highly versatile receptor that can trigger multiple responses ranging For personal use only. on November 12, 2017 . by guest
